The peptide β-Amyloid (β-A) is known to be one of the primary factors causing neurodegeneration in the Alzheimer disease. Hence, one would like to know the factors that would increase or decrease the toxicity of β-Amyloid in the brain. One of the factors that are debated in the literature is cholesterol, where it is not clear if modulating the levels of cholesterol would affect the degree of toxicity of β-Amyloid on neuron cells in the brain. In order to investigate this problem, data were collected and analyzed for three types of experiments: 1) Correspondence between cholesterol and methyl-β-cyclodextrin (MβCD) measurements; 2) measurements of the relative fluorescence unit (RFU) with respect to MβCD concentration (with/without β-A); and 3) RFU measurements with respect to β-A concentration (with/without MβCD).
. (a) Number of papers cataloged in Google Scholar the last 50 years ) that include AD in their title. The fit curve (blue dash) shows the exponential growth of these studies that applies after 1985.
In particular, the number of papers N follows the relation The plasma membrane of a cell is highly functionalized for cell signaling.
Many different markers exist on the surface of the cell and interact with extracellular molecules regularly. Cell signaling is not isolated to biomarkers; it also is related to the degree of fluidity in the membrane. Fluidity in the microenvironment can influence cell communication through alteration of diffusion and transfer of cell signaling compounds. This fluidity is determined by the ratio of types of lipids composing the membrane. Increased amounts of cholesterol at physiological temperatures decrease the fluidity of the membrane [9] . This decreased fluidity can have major implications for the ability of extracellular molecules to interact with the cell surface and lateral movement within the plasma membrane. There are specialized areas of the cellular membrane enriched with cholesterol, sphingomyelin, and sphingolipids. These areas are thought to be specialized in intercellular interactions and signaling and are called lipid rafts [10] . The decreased fluidity of these lipid raft regions may increase the chance of interactions between extracellular molecules and the membrane.
Simulations and modeling suggest that β-A tends to aggregate along the perimeter of these lipid-enriched domains (e.g., see [11] ). Disrupting the structure of these specialized membrane rafts could affect the interaction β-A has with the neuronal membrane. Removing cholesterol would increase the fluidity of the area effectively dissolving the lipid raft. If lipid rafts do play a significant role in β-A interactions with the neuronal plasma membrane, this removal should affect the level of oxidative stress β-A is capable of inducing in neurons.
The role of cholesterol in the appearance of AD was particularly studied during the last two decades (Figure 1(b) ). Indeed, the top 100 cited cholesterol papers [12] suggest that the last 10 years have witnessed the advent of studies describing the role of cholesterol in non-cardiovascular diseases such as Alzheimer's (the second reference numbered 76 and 94). As indicated in a review paper by Vance et al. [13] , several studies provided conflicting results on the association between plasma cholesterol levels and the development of dementia [14] [15] [16] [17] [18] . The debate focused about how modulating the levels of cholesterol would affect the degree of toxicity of β-A on the cells. There are three theories about cholesterol levels: 1) The presence of cholesterol is beneficial, and its removal would increase levels of oxidative stress [19] [20]; 2) Cholesterol negatively impacts the cell, and its removal would decrease levels of oxidative stress [21] ; and 3) Cholesterol does not impact the health of the cell in relation to β-A toxicity.
In order to elaborate on the first theory, removal of cholesterol is possibly negative if we relate it back to the theory that β-A aggregates along the perimeter of lipid rafts. If cholesterol were removed from the plasma membrane, lipid rafts would first start fractioning into smaller islands. These smaller lipid rafts would have larger total perimeter than the original lipid raft from which it originated.
Thus, according to simulations suggesting aggregation along the boundaries of lipid rafts [11] , β-A would have more areas to aggregate upon leading to greater levels of oxidative stress. This also corroborates the finding that astrocytes re- place less of the cholesterol in the neuronal membrane as the brain ages [22] .
Since turnover of cholesterol remains constant, overall levels of cholesterol in the aging brain decrease. The second theory suggests that less cholesterol would be beneficial. Removing cholesterol creates less lipid rafts, which may reduce the chance of plasma membrane interactions with β-A. The last theory simply states that cholesterol may not play a crucial role in the toxicity of β-A to the neuron.
In the literature, there is substantial support for all three theories, which only adds to the ambiguity of β-A's interactions with the neuronal plasma membrane and the necessity to explore this issue further. Though the literature reports a mixture of results, the mixture may exist due to differences in cell types used as well as the type of assay used to measure oxidative stress, cell viability, or other indicators of β-A peptides' toxic effect on neuronal cells.
Plasma levels of total and LDL-cholesterol are well known to increase with normal aging both in humans and rodents, while the plasma clearance of LDL has been shown to decrease with age in both humans and rodents (see [23] and refs. therein). While there is a decrease in the amount cholesterol found in the membrane with age (e.g., see [24] [25]), analyses also reported evidence of agedependent increases in cholesterol levels (e.g., see [26] [27]). With the increase in the occurrence of AD with age, this leads us to believe that these correlational disturbances in cholesterol levels may be in part a cause of AD. In fact, there is an ongoing debate on how modulating the levels of cholesterol would affect the degree of toxicity of β-Amyloid on neuron cells in the brain.
The purpose of this paper is to investigate whether the cholesterol has effects on the degree of toxicity of β-Amyloid. In Section 2, we provide information about the materials and reagents used in our experiments. In Section 3, we describe in detail the methods of the three experiments, the procedure, and the collected datasets. Methyl-β-cyclodextrin (MβCD) is used to deplete cholesterol, while in experiment-1, we find the exact correspondence between them; experi- 
Materials and Reagents
HT22 hippocampal neurons immortalized with the simian virus SV-40 large T-antigen plasmid vector [28] were used to conduct the experiments. At the present study we use undifferentiated cells to model the pathology of mature neurons. The cells were cultured in 5% Fetal Bovine Serum (FBS) supplemented DMEM-F12 media containing 1% penicillin-streptomycin and 1% L-glutamine at 37˚C and 5% CO 2 . A 96-well Costar black clear-bottom plate was used for the assays. We used Aggresure (1 -42) β-amyloid (β-A) from Anaspec to use in our model of AD. Cholesterol was removed using methyl-β-cyclodextrin (MβCD), a cyclic molecule with a structure suitable to extract a cholesterol molecule from the surface of plasma membrane; the amounts removed were quantified using the Amplex Red cholesterol quantification kit. Mito-ID Membrane potential cyto toxicity kit was used as a measure of mitochondrial potential change induced in our assays (see details of the product in: Enzo Life Science, http://www.enzolifesciences.com). We modified the protocol and reagent mixture with no effect on the efficacy of the Mito-ID in detecting changes in mitochondrial potential. (435 uL ddH 2 O + 50 uL 10X buffer + 10 uL 50X buffer + 5 uL Mito-ID MP Detection Reagent; 50 uL into each well for a total volume of 100 uL; diluted in 50 uL of 0% FBS DMEM-F12; the dye was allowed to incubate for 90 min before taking the baseline reading instead of the suggested incubation time of 30 min). A fluorescence microplate reader from Molecular Devices was used to collect readings (excitation 485 nm, emission at 530 and 590 nm).
Methods

Description of the Procedure
Cells were plated into a 96-well clear-bottomed black tissue culture plate about 24 hours before the start of assay to allow the cells to adhere completely to the tissue culture plate. At the start of the assay, cells were verified to be at 70-80% confluency. The media was aspirated off and cells were rinsed with 100 uL of 0% FBS DMEM-F12 media supplemented with 1% pen-strep and 1% Glutamax. Cells received 100 µL of 0% FBS DMEM-F12 media solutions of 0 to 2.5 mM of MβCD. The cells were placed back in the incubator for 60 minutes at 37˚C. After 60 minutes, the media containing the MβCD was removed and 50 µL of 0% FBS DMEM-F12 1% p-s and 1% L-Gln was added. 50 µL of our Mito-ID mixture was added and the cells were allowed incubate for 90 minutes. After 90 min, the baseline reading was taken with an excitation of 485 nm and emission read at The relative fluorescence unit (RFU) represents the mitochondrial activation. Mito-ID is a fluorescence dye that measures the fluctuation of the mitochondrial membrane potential. It uses a cationic dual emission dye that fluoresces green (530 nm) when in its monomer form, and orange (590 nm) when it forms J-aggregates due to increasing concentrations within the mitochondria (e.g., [29] ). When the cell is healthy, the Mito-ID fluoresces green since the cation is in the cytosol; however, when the cell undergoes oxidative stress, its mitochondria takes up the Mito-ID which in turn aggregates it and shifts the fluorescence to orange.
In this paper, we will use RFU to measure the cellular variability of neuron cells. The data was normalized to 100%, thus the baseline of a healthy neuron started at 100% RFU units. The RFU(t) response values are normalized to the initial RFU(t = 0), i.e.,
Consequently, an increase in relative fluorescence unit represents an increase in mitochondrial activation.
Collected Datasets
We operated three types of experiments: 1) Cholesterol and MβCD measure- Table 1 . Then, using the produced reference curve, we extract the values of Cholesterol [μg], shown also in Table 1 .
• In experiment-2, the averaged values and standard deviations of the normalized RFU(t) (for all t), for MβCD [μM]: 0, 0.5, 1, 1.5, 2, 2.5, and both the cases of 0 β-A and 2.5 β-A, are shown in Table 2 .
• In experiment-3, the averaged values and standard deviations of the normalized RFU(t) (for all t), for β-A: 0, 1, 2, 2.5, 3, 4, 5, 7, 10, 15, and the three cases of MβCD [μM]: 0, 1, 2.5 β-A, are shown in Table 3 .
Results
Experiment-1: Cholesterol Assay
Using Figure 3 shows the normalized RFU plotted with respect to MβCD, for (a) 0 β-A and (b) 2.5 β-A (data shown in Table 2 ).
Experiment-2: Variation of MβCD
In the statistical tests that will follow, we use the RFU normalized values in order to determine if the statistical population is invariant with respect to changes of the MβCD concentration. In order to perform this examination, statistical tests are applied to the following null-hypothesis: Next, we apply a standard statistical analysis (e.g., [30] [31]) to show whether the hypothesis can be accepted or rejected. In particular, the null-hypothesis is tested using a statistical method to rate the goodness of the involved fit. A good fit of data to a constant favors H 0 . Three statistical methods are used to rate the goodness of the fitting, i) the "reduced chi-square", ii) the "p-value of the extremes", and iii) the "T-value", that is, a transformed p-value; (similar applications of the statistical tests can be found in examples of different disciplines, e.g., 
that is, the distribution of all the possible 
The larger the p-value, the better the fit: a p-value larger than 0.5 corresponds As shown in Table 4 , all the estimated p-values were above the 5% confident level, which is required for the acceptance of the hypothesis. We also use the T-value, a modified p-value, in order to characterize the likelihood in more detail. This is defined by Finally, in Figure 5 , we plot the normalized RFU, averaged for all MβCD (data from Table 4 ). We observe that the maximum of the normalized RFU occurs for t ~ 1 hour. We also show that the RFU differences between β-A = 0 and β-A = 2.5 is a constant value for any t, that is, 72 ± 3 (p-value = 0.49; highly likely). This indicates that the response RFU(t) for various amounts of β-A differ mostly 
Experiment-3: Variation of β-A
We observe that the addition of β-amyloid increased the mitochondrial activation. After 60 min, the mitochondrial activation was at its peak, however it continued to fluctuate thereon after ( Figure 6 ). Concentrations of beta amyloid 1 -42 aggregates related directly with the increase in oxidative stress.
In order to demonstrate the independence of RFU(β-A) on MβCD, we pro- Table 5 and plotted in Figure 8 The same plot but the RFU is depicted on a log scale, where we co-plot the linear fits y = (a ± δa) + (b ± δb)·x. In particular, we have applied a linear fitting y j = a + b·x j , where y ≡ log(RFU) and x ≡ [β-A], from which we find a ± δa and b ± δb, and co-plot the cases of y = (a + δa) + (b + δb)·x (case "+") and y = (a − δa) + (b −δb)·x (case "-"). has no statistically significant effect on the degree of toxicity of β-Amyloid. This also confirms the conclusion of Dayeh et al. [37] , where the authors showed that there is no significant effect of altering cholesterol on cell toxicity by hydrogen peroxide.
We did observe an increase in mitochondrial activation with increasing concentrations of β-A as evidenced by the data in Figure 7 . The increase in mitochondrial activation is an indicator for the oxidative stress the cells experienced.
Thus, the addition of small oligomer β-A does seem to induce some stress re-sponse in HT22 cells. The drop in response at 7 μM and 15 μM may be due to nonspecific responses to the β-A peptide. We did not, however, observe statistically significant differences with changes in cholesterol content of the plasma membrane ( Figure 8) . Treatment of the cells with 1 mM MβCD resulted in a reduction of 44% of the overall cholesterol content of the cells, while 2.5 mM
MβCD resulted in a 74% decrease. The plasma membrane contains approximately half of the cholesterol in the cell, which means that at 74% decrease in total cholesterol is a theoretical 37% decrease in the plasma membrane alone.
We feel that this is a significant portion of the cholesterol and that this decrease would lead to alterations of lipid raft structures.
Over time, we did not see a statistically significant decrease in mitochondrial activity due to β-A's toxicity. The negative control also had fluctuations in its mitochondrial activity over time. This lack of collapse in the mitochondrial acti- Cholesterol has many important roles in cellular function. It provides structure for the neuronal membrane, and plays an important part in cellular signaling. Our initial hypothesis is that cholesterol in the lipid membrane would play a protective role against oxidative stress. With this particular model, cholesterol content in the lipid layer does not seem to play any detectable role in modulating the effects of beta amyloid on oxidative stress response.
• We observe an increase in mitochondrial activation with increasing concentrations of beta amyloid. Dose response shows increasing relative mitochondrial activation.
• We did not see statistically significant differences with changes in cholesterol content of the plasma membrane. There are no statistically significant differences in mitochondrial activation at the same beta amyloid concentration between cells with different cholesterol contents.
• We did check that the cholesterol content of the membrane decreased with increasing treatment concentrations of MβCD. The plasma membrane contains approximately 50% of the cell's cholesterol, so a reduction of 50% or 75% of the overall cholesterol significantly reduces plasma membrane cholesterol content.
• We observed lack of collapse of mitochondrial potential over time. Possibly, the dividing cells protect themselves against beta amyloid.
• Cholesterol content does not seem to play a significant role in modulating the effects of beta amyloid on oxidative stress response. • HT22 neurons treated with human β-amyloid (1 -40) showed oxidative stress.
We conclude with what's next for improving and extending the presented analysis. Other investigations may involve other effects of membrane cholesterol changes. For example, Nicholson and collaborators suggested that age-dependent changes in membrane cholesterol might, at least in part, modulate the susceptibility of hippocampal neurons to Aβ-induced Ca 2+ influx, calpain activation, and subsequent Tau toxicity in an NMDA receptor-dependent manner [26] . Other methods cantest different oligomers preparations (small or high molar weight oligomers up to fibrils) or the effect of different amyloid peptides (e.g., amyloid-beta40, amyloid-beta42). Moreover, differentiated HT22 neurons represent a better model of hippocampal neurons than undifferentiated cells (e.g., [38] ). Mature neurons are known to be post-mitotic cells and have distinct cellular properties as opposed to their mitotic precursor cells. Sensitivity of HT22 cells to toxicity inducers changes dramatically when comparing undifferentiated with differentiated cells. Differentiation is important for immortalized cell lines to render post-mitotic neuronal properties. Then, experimentation with differentiated HT22 neurons (as described in [39] ) can exclude the possibility that the results reflect mostly the cellular properties of immature hippocampal neuronal precursor cells rather than post-mitotic hippocampal neurons. In addition, lipids regulate the beta-secretase beta-site APP cleavage enzyme 1 (BACE1). There is a cholesterol-dependent activity of gamma-secretase which links the interrelationship between a cholesterol-enriched lipid raft and amyloidogenic processing of APP. Future work may also determine BACE1 and gamma-secretase activities along with mitochondrial membrane potential (e.g., [40] ), in order to display a better picture of the cytotoxicity event.
